This paper concisely presents formulation, development and comparative numerical tests for a new approach to diagnostic analysis of large concrete dams. In particular, a methodology is proposed apt to assess, by means of well-known inverse analysis procedures, the degradation of concrete Young modulus (and correlated strength) along the past service life of the structure. The statical excitation of the dam is provided by a reservoir emptying process. The experimental data, besides some displacements measured by means of traditional instruments (pendula and collimators), include many displacements measured by radar on the downstream surface of the dam.
INTRODUCTION
Most existing concrete dams were designed several decades ago in the absence of the present analysis tools. Many of them exhibit structural damages, most often due to ageing of concrete, in particular to alkaliaggregate reactions (AAR) and/or to extreme loading conditions that occurred in the past, such as earthquakes. In situ monitoring and comparative examination of data from current and past measurements represent an important basis for preliminary integrity assessment of dams. For decisions on possible retrofitting interventions, further insight into the structural degradation is generally required. Quantitative information on entity and location of damages can be achieved by inverse analysis consisting of minimisation with respect to unknown material parameters of a suitable norm of the differences between measured and computed values of pre-selected quantities, the computed values being dealt with as functions of the parameters to identify.
The first task in diagnostic analysis is the selection of parameters representative of damages. In the case of unreinforced concrete structures like dams, damage is often characterised by diffused micro-cracks. A local average indicator of such damage is the elastic modulus, the degradation of which can be correlated to both the void growth in the material and to the loss of strength. Also in the cases where degradation due to AAR is expected, the decrease in material stiffness, occurring along decades of service life, has been correlated to the decrease of concrete strength through laboratory experiments (see e.g. 7). The health assessment of concrete dams by means of the identification of local Young moduli has been the subject of recent researches, based on the circumstance that local stiffness changes may significantly influence the dynamic response of the structure (3/). The in situ experiments are performed by excitation through shakers and measurement of accelerations (both shakers and accelerometers being placed in suitably selected positions, see e.g. 9/). The experimental data are used to compute a number of natural frequencies and mode shapes of the real structure. Computer simulations of the linear dynamic response to the above excitation provide the corresponding computed data, clearly depending on the Young moduli, which represent the parameters to identify through the minimisation of a discrepancy norm. This approach to diagnostic analysis of dams exhibits the advantage of relative cost-effectiveness, but also the following disadvantages: on one side the dynamic excitation must be limited in terms of intensity and shakers collocation; on the other side the presence of artificial joints and possibly of large cracks often implies non-linearities which make modal analysis rather unrealistic.
In this paper an alternative methodology is proposed and numerically tested for the diagnostic inverse analysis of concrete dams, based on significant statical loading and on diffused measurements of response 
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be in some circumstances in view of cost savings): the temperature changes generate negligible displacements additional to those due to water pressure, becausc of the low heat conductivity of concrete.
Computer-generated ("pseudo-experimental") data are employed in the parameter identification exercises instead of truly experimental data (not available at present), since the purpose pursued herein is the critical assessment and validation of the innovative diagnostic methodology proposed. In the present preliminary investigation non-linearities in material and joints are not considered; uncertainties of measurements and modelling are referred to only in order to check the sensitivity with respect to them of the identified parameters.
A conventional finite element model is adopted for geometrically and physically linear static analyses of the system dam-foundation, assuming a constrained boundary in the geological formation at a reasonable depth beneath the dam. Such discretization leads to the customary algebraic equation as "forward operator":
where u is the vector of free nodal displacements, Κ represents the (symmetric, positive definite) stiffness matrix and f the given vector reflecting the external actions.
The zone-wise homogeneous distribution of the Young moduli in the concrete dam is regarded henceforth as the objective of the inverse analysis and will be defined by vector y. Isotropy is assumed and the Poisson ratio, which plays a minor role on the overall structural response, is regarded as known.
To the present purposes of inverse analyses by a deterministic approach exploiting all the (pseudo)-experimental data simultaneously (batch, non-sequential approach), the discrepancy norm to minimise reads:
In the above objective function u denotes the vector of measured displacements (generally a small subset of the nodal variables), Β is a matrix which extracts from vector u the nodal displacements corresponding to the measured ones, and W represents a weight matrix. As a simple provision to account for measurement uncertainties, the inverse of the covariance matrix of experimental data can be assumed as W, thus giving more weight to more accurate experimental data; however, in the preliminary numerical tests, we have set W equal to the identity matrix.
A priori information on the parameters to identify can be expressed through upper and lower bounds on each of them, defined by vectors b u and b, respectively. 
INVERSE ANALYSIS FOR LOCAL STIFFNESS IDENTIFICATION
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; total catchment area of 31.9 km 2 . Figure 2 shows the geometrical configuration adopted for overall analyses of the dam-foundation system. In order to reduce computing times in repeated analyses, the foundation elements are statically condensed into a substructure, the stiffness of which provides elastic constraints to the nodes belonging to the pulvino-
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Vol. 15, No. 6, 2004 Diagnostic Inverse Analysis of Concrete Dams foundation interface. This provision is based on the assumptions that the foundation will behave elastically (Young modulus 28000 MPa, Poisson ratio 0.2) under the loading to be considered and that its elastic properties are known (i.e. not affected by the degradation to be investigated).
A basic idealisation consists of the hypothesis that joints, as a source of non-linearity, play a negligible role during the loading process considered and, hence, the overall direct analyses can be linear elastic. The elastic moduli of the originally undamaged concrete in dam and pulvino are assumed the same as in the benchmark: Young modulus 20000 MPa, Poisson ratio 0.2.
External actions considered for the present diagnostic problem are represented by the decrease of the water level in the reservoir by 60 meters starting from two meters below the crest of the dam (see Figure 1) The dam-pulvino system is subdivided into 10 homogeneous zones, represented in Figure 3 , and in each one of them the degraded elastic modulus is assumed as a parameter to identify by inverse analysis. In what follows, the zones will be named according to their position; notice that "right" and "left" are intended in the orographic sense (i.e. from upstream to downstream). The selection of these homogeneous zones is suggested by considerations of concrete casts during the dam construction but also on the necessity of keeping the number of parameters low in the present methodological study. (d) Further orientation analyses, not considered herein for brevity, concern the dependence of the parameter estimates on various factors, such as the number of measured quantities and their spatial disposition.
CONCLUSIONS AND FUTURE PROSPECTS
The results of the study outlined herein, though limited to pseudo-experimental data and to a deterministic approach, led to the following conclusions of interest to present dam engineering: (i) the diagnostic identification of deteriorated local elastic moduli by conventional optimisation algorithms, is fairly costeffective for an arch dam, so that the number of parameters to identify may be substantially and usefully increased in practical situations; (ii) the use of radar and the consequent significant increase of experimental data with respect to the traditional dam monitoring techniques turned out to be beneficial for damage diagnosis; (iii) the batch, deterministic parameter identification exercises carried out in the present special, but "typical" and representative, situation, indicate the robustness (with respect to noise) of first-order minimization algorithms and the identifiability of degraded material stiffness through sensitivity and inverse analysis based on statical excitation.
Current and future developments in the line of the investigation referred to in the preceding sections concern the following topics: thermal effects, in view of seasonal changes of the reservoir level as statical excitation; non-linearities due to artificial and natural joints; comparative numerical tests by alternative optimisation algorithm, such as direct search, genetic algorithms and hybrid strategies; application of Kalman-Bucy filter method (with a Bayesian initialisation by an "expert") in order to sequentially process experimental data and to assess the uncertainties of the resulting parameter estimates as a consequence of the uncertainties in the measurements and in the finite element simulation model.
